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1. INTRODUCTION

The research reported heroin involves a coordinated study plan to

(1) develop a better understanding of the mechanisms leading to snow

avalanche initiation , (2) the development of constitutive laws for

analyzing snow slopes, and (3) evaluation of the feasibility of acoustic

emission technology for detecting slope instability. In addition to the

applicability or this project to avalanche mechanics , the project results

also have significant military relevance. This will be discussed in

detai l in a separate section .

Briefly, the project , which was jointly supported by ARO—D , NSF,

and the USFS Rocky Mountain Experiment Station , was divided into four

~~1’aratt suh—taskF;. These were :

1. Str~-~ s wave laboratory study

2. Slope ~;tabi1ity

3. Material constitutive representation

4. Fi - -Id program and acoustic emission

These pr o iee t~ in some instances represented a continuation of work

supported by an earlier grant (No. DA-ARO—D—31—124—73—G175), and some

parts of th.~ work involved entirely new problems . The acoustic emission

task was begun under the previous grant  and was also supported under the

gran t  reported here .  This  portion of the task r equi red  an ex tens ive  f i e l d

investigation which could not rationally be concluded in  a s i n g l e  two-

year period . The material characterization study was intended to supp le-

ment results achieved in the earlier grant and to formulate a constitu—

tive law r e ad i l y  usuable for stress analysis of snow slopes. The other

-~~~~~~~~~~~~ —, .
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two pet I I ( ’ t ~~~ of t h e  j r o  j - - t , the  strt-ss wave ~n~l slop e  ;t a b i lit y  s t t s l i~~-s ,

r L -  Ltt~ - to problems not ( -o I I S i d e l e d  i n  the  pr ev ious task .
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2. SUMMARY OF RESEARCH RESULTS

(a) Stress Wave Laboratory Stu~ y

This particular investigative topic was chosen because of the ques—

tions surrounding the  many transient conditions which lead to avalanche

initiation . Among the avalanche researchers in the field , there is con-

siderable disagreement over the effectiveness of explosives in causing

avalanches. Topics of discussion have included (1) what speed of the

explosive is optimum , ( 2 )  what size of explosive is deemed necessary to

give assurances of obtaining reliable results , (3) what is the optimum

placement of the explosive , i.e., above , in , or below the snowpac~ .

In addition to the avalanche-related topics , the Army is also con-

cerned about such questions as oversnow vehicle travel and terminal bal—

listics. The nature of these two problems are addressed directly by this

particular project.

All of the above—mentioned occurrences (explosives , vehicles, ter-

minal ballistics) produce stress waves of varying intensity. As a

consequence , a detailed study of the response of snow to stress waves

would help to obtain answers to these questions.

A laboratory study was chosen rather than a field study , since it

was felt a laboratory investigation would allow better control of cer-

tain important experimental parameters , such as temperature , density,

snow type , stress wave intensity, etc. However , it was also felt that a

complete study would eventually require a field investigation , although

t h i s  was beyond the  scope of the  project reported here .

An electronmagnetic stress wave generator was designed and constructed

at MSIJ , and a schematic of the circuit is illustrated in Figure 1.

Ba s ica l l y ,  two low inductance  capaci tors  are used to store electrical
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en er g y  at voltages ~~~; h i g h  as 15 ,000 volts. A spark—gap triqger is then

used to close the circuit and discharge the capacitors. A very high cur-

rent (as hi gh as 120,000 amps) is generated during the discharge. By

directing this current in opposite directions along opposite sides of a

thin insulating plate , a very large repelling electromagnetic force can

be generated in an extremely short period of time . Maximum pressures can

be produced in as little as 1 microsecond , which is faster than the fast-

est explosives commercially available. For specimen with a 3” x 3”

cross sections , complete destruction was achieved with pressure as h i g h

as 55 bars.

The advantages of this system include : (1) low scatter (character-

istically less than 3 percent , as compared to more than 15 percent with

explosives), (2) ease of operation , (3) complete flexibility in control-

ling maximum pressure and rate of loading , (4) quick turn-around time ,

(5) no necessity of dealing with dangerous explosives. Some disadvan-

tages include : (1) electrical noise produced by the system , and (2) a

high voltage danger which  requires additional safety features. The

electromagnetic noise , however , is significant for only about 10 micro-

seconds d u r i n g  the trigger discharge . The system is  c u r r e n t l y  opera—

tionat i n l  h -i - ; b.-e n found to perform satisfactorily.

A microwave horn is used to measure the motion of t i e  free end of

the t i - - ;t  s 1 - - i m e n .  The system employs an interfcrometer technique to

rn i o ur e  the phase ch~inqe between the emitted wave and the wave w h ic h  is

r~- f li-ct ed from the speci m en I r oe  s t i r  f~i - c . With  t h i s  sy stem , mo t i  o t i s  as

low i -  If) met e rs  i -an  be d et e -t e -d . The r r t -~~ a~~~-s ih -n l it si by the

S t  r t - s~; wave i p - r i e r - i t o r  ic  ;s i lc u l at e d  by evaluat iiiq d . i t  a ; a I  I .  i el t r i m

I h- N i i iws ki c o i l .  rn i h i L t  ion , ~in a - s i - ; t  I C  emi - ; S i i t  I t  ati ; hi~- ,  i s  l t n n t  1

1 i - - i i i  va i t t  i i iq  i - ( t i - ‘iii i ; i i  ens  - I - - by I I i~ - ~~t - - ; w i ’ -  - -

- __________________________
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S i i i i i i l t  itit-o u ; ly W i  t i t  t h e  equi pment i&- v t -l opment , w~ I t i v i - ~~t ) L - ) 5  i d  t o

foitn u late a dyriain Ic  cons t i  tu t  ive law t o  predi ut t i t -  r i - si  ot i s  of t l i t  -

materi al to l i i q h  intensity sits -k wave ; . S in c e  shock wa -s q - ri - i ate : le:

explosives and terminal ballistics result with mass:  Vi a m o u n t s  of volu—

metric 1. -f ormat ion , a v o l u m e t r i c  co i t st  i tot  i ye equation was f o r m ul at  ii

and was found to  accurately predict the response of snow to pressure

loads cl;ara cteri st i c  of those generated by exjiio; i yes. The result of

the constitutive law have been compared with data supplied by the U. S.

Army Cold Regions Research and Engineering Laboratory, h anover , New

Hampshire , with excellent results.

At present, not enough data has been collected w it ii t l i i - stress

wave generator to make a full evaluation of the constitutive law . In

a d d i t i o n, planned improvements in the present coristitutive law to i - riahls

t h i  ; e t ua t ion  to hand le  a more genera l  load s i t u a t i o n  ha s- :i t yet  been

fin i :; } i  s i.  Work on these two items is presently moving forward at a

; i t i ; t i - toty rate.

The ~re ject descr ibed  in the above paragraphs was on q i n a l  lv planned

and r~~1- o-s d t i )  the Army as a two—year grant , since it was felt that the

t i ~~r i - - i t  ion  of t h e  equi pment , execu t ion  of an e x t e n s i ve  t - ; t  m g  ~-r n a m ,

* I i . -  i - v ~- l opm e n t  of the dynamic co-i ;t I tutive law w o u l d  re 1:ii r -  a f i i l 1

twi i - i s  t o  comp l e t  e . ARO—D , however , has f u n de d  the  I s- - i  rch - I s  i c  -t

at  . t  i - - lii i level for o n l y  eu year , S t  11C0 the  f i 0 l  m u  by t i r e  Ar isv Wa ; ;

i i i  I f  i n  l i v  i i  of  ~ ( -o r i tr a c  suppor ted  j o m  n t  l y  t r y  t hi 0 s - i - s i l t  i - i -ede i  si

• i i -  i i r - — ;  ( A R O — D , N Sl , U S F S ) .

Iii v ii -w I )  f t he r - i t t - - I  ~ ‘ i - l -  i i  f - F e l t  , t l i i ’ I ) i i  I n h  - i t  i Vi  S ; ~ i t  t he

~ 0 i - I  i t  - t - s i ld  ire t ; i t  c r - s - ; f u  1 1 y b~ - ci ini~ - I I i i  i n  I I r e S it -  V I .  i t
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period. h owever , t i : - I-xh )erimerit~~l equi pment has been developed and a

- 
; orist i t ut i v i -  l.iw has ben- n formulated.
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(b)  Sloj e S t a b i l i t y  Investigation

It is generally recognized that the release of a snow avalanche must

be ~rois1;ede i bV d weakening of the boundaries of the snowpack in some

manner. Attention is most often directed to the existence of

weak layers that define the bottom or running surface of the avalanche .

However , for small avalanches the flank , toe and crown boundaries must

also be in a critical state to release. The crown and toe regions are

loaded in tension and compression respectively. The flanks are loaded in

tension and shear (based upon fracture evidence). The side boundary

conditions play a progressively less significant role in comparison to

the bottom weak layer as the size of the snow slope is increased.

Work has been initiated to investigate the question of how weak the

bottom surface must become and how important the side boundaries are in

snow release . To date no evaluation has been directed to strength of

the f l a n k  boundaries primarily because of the difficulty in simulating

the f a i l u r e.

For the toe and crown boundaries a developed failure theory by

Brown (1976) can be applied directly to evaluation of when failure is

u m in a n t  based upon creep rate and total creep. To substantiate this

hypothesis a number of tests were performed on slopes of aiiij li-S gil - u t t e r

than 35° to simulate toe and crown failure. Two para l lel t r ~~i c cIit -;; were

dug - ‘  mi t e r  sl an t  on th i t :  fall line of t I t s  510 1-1 -5 , t i tu s  t i ~~ ill i t i g  S h i

;t a i i h i rig hi-am of snowpack. ‘Pu t ’ beam of ~() m length ot  so WI ;; 5~ i it i l l

t b -  t n i i i I - , so t ha t  9 m beams i-x t i - i i li h ilh iwarcl , i t ; i l  ilowiiw ,ii I . I’l yw  ii  i i

p1 - i t  - S w i - i  . - t I ; - - i i  i i ; ; ;  - r t i d  II  ; -n - u - ; i  ye l y  ii iwi  S -l o l l - I h l i S t  - S Iw i  u t  I -

s i m - ; I i ; - ’ - i  w i k  i c r . What was formi-d wa ; - i  In  x In  i l l - S . — - - t  t i - i t t - f

~

--- ----  ~~~~~~ -~~-~~~~~~~~~~- - -~~~~~ --- -
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beam on a measureable weak base that was extended until the tow region

failed. Upon completing the compression test the procedure was dupli-

cated for ti -in tensile beam up-slope . During the test period friction of

the plywood plates was measured by tilting the plates while supporting a

snow block. A total of 17 beam tests were completed during the winter of

‘75— ’76 with complete specification of average density, snow stratifica-

tion , snow and air temperatures , etc.

A second winter of beam testing was scheduled and is needed in order

to complete the testing program . However , with the truncation of the

ARO-D funding to one year instead of two, the second year of testing is

delayed , as is numerical evaluation in order to verify the failure theory.

Once a failure theory is verified tiren it can be applied to actual ava-

lanche regions with confidence. Thus if crown , toe and running surface

models (-an be developed analytically, based upon controlled experiment

verification , then evaluation of flank ength may be possible. The

i n t e n t  of t h e  e l it i r  ~ - rcs.-arch program , to assess the effect of boundary

constraints on avalanche release , is then subject to review to appraise

w h a t  c o r t - ; t  i t ot - ; ;  t b -  w i - ak - s t  element. Knowledge of the weakest element

has s u m - n t ip~~l i c a t io n  i n  other research areas , such as acoustic moni—

t o r i ng  of  snow S1o~~ -s , as a means of hazard con t ro l .

A -ss on-i s r  1 - ;; of tests were run to evaluate the st r e n g t h  r educ t ion

of snow in order to brave a f r e e -  s t a n d i n g  column f a i l .  An ec lu i  l a t e r a l

m i s s - r I . - i f  - ;n sw , rn on a ; ; i dt , was cut from slop ing snowpac-k of nomina l

- I t - I - I  h rn .  St a r t  m c ;  a t  t h e  three corni-r;; the free standing c -o l timn of urtow

w~~ - s r i - f .  t i u i  ; ‘ i i  t - - i - I l i t  - - ;  n s f  j I t is - l ock I a i I - i  i n  Wi  - , i i  and c i  j ci

- w i ;  - I - ~~. - . - - ; i l  i t -; t ) f  t l i i ; ;  i r iv e st  I i 1;~~ m o n t  I nd i i.i I  - t h i -  1( J S  i f i cant -iii  

-- -- - - -~~~ - - - — ----
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in running surface strength that is required in c i r d u - r  for initial snow—

pack release .

Brown , R. L., 1976. A fracture criterion for snow , Symposium on Applied -
-

Glaciology , Cambridge , England , Sept. 1976. Proceedings in press.

a
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(c) Snow Mechanical Properties Investigation

Upon review of the literature pertaining to mechanical properties

of snow, two conclusions can be made. First , generally, snow material

properties are most often reported by giving equivalent values of Young ’s

Modulus, E, Poisson ’s ratio, V , and secondary creep rate , n. Second ,

these material coefficients are reported for applied loads greatly in

excess of any to be expected in snowpack of depths of the order of one

or two meters. The deficiency of reporting elastic constants, is that

snow is not elastic , but rather viscoelastic, meaning that material res-

ponse is time dependent as well as load dependent. This basic depen-

dence , plus nonlinearity of the material make it difficult to extrapolate

small loading coefficients from reported large loading coefficient curves.

Additionally, any analytical consideration of response to transient load-

ing or short time loading is precluded because short—time material res-

ponse coefficients are not measured or reported.

Thus the intent in this snow mechanical properties investigation is

Iii fir st recognize snow as a viscoelastic material , and second to carry

- c i t  rn - - i ccinement s at low creep rates corresponding to  known ra tes  in  :10; —

m i ;  now ;.ai -k. It is  recoqnized also that this must be an onqoing l l t )

p - u t  sin l - * - ;i  I t  i r n a t - - ly  hundreds of tests  must  be made to e VS luate the

mar r y - s - t o f  a com;~ le to material oval uat  ion . UI

Under ARO—D funding a s ta r t  was made i n  m a t e r i a l  i~va luat-  ion , arid u n . -

- i i - - ’ w o r k  of  an on i c ;  i n~i 1 ly s1 - fo ’ u i u l e d  two yi - a r  };roqram was c -om ; l et  .-d.

A t o t  ,iI of ~ I t i - - ; t  - ;  were h l i .r f o r m e d  at c - y i - i - ~~- r a tes  c -or t . - - g c s i c ] i n m q  I i  I e r r —

1 ( i i i ,  - i r n p r .  - u s 1 c ) r l  a r id  c i i i  -a r l o s t  j r u t  1 5 - ;now r a nt ;  i tug i i i  hi i ;  - u I V l i t  - t  WI  S

200( 1  Nm , i r t c i  l~~0t )  Nm and at  t emh c i .r a t  i i  u - . c u t  —~~~~, — l i t , - I ‘- ‘C. 
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In testing at low creep rates a fundamental difficulty arises. If

one allows the test to run for several days , so that measurable defor—

mations occur , the snow specimen , unless adequately protected will change

properties and distort the results. The alternative is to use high sensi-

tivity electronic equipment so that accurate measurements can be made at

early times in the test. Since no known technology exists on protecting

snow from exposed surface metamorphism wihtout dis turbing sample response ,

the approach of designing and using sensitive electronic equipment was

taken. A highly stabilized and low noise carrier amplifier was designed

and built to drive an LVDT Transducer for axial and shear measurements.

For the far more difficult measurement of transverse displacement , a low

noise D. C. powered four arm bridge circuit with strain gages mounted on

a f lexible  stainless steel beam was built.  This system , although delicate ,

has sufficient sensitivity to detect transverse deformation from which

strain rates of order 10 
8
sec 

1 
can be computed. Equipment development

and checkout required four months duration .

During this time a computer code was written to facilitate

computation of material coefficients from the experimental curves.

Recognizing the basic nonlinearity of snow , the plan is to pseudo—

linearize the coefficients. This is done by determining a set of

material coefficients, and to within some specified accuracy , say ±20% ,

indicating the range of strain rates and snow type for which-i these co—

e f f i c i e n t  apply.

Even though ARO-D funding of th is  project  was terminated a f t e r  one

of a two year program , the project is cont inuing , and a compliation of

_ _ _ _ _ _ _ _ _ _ _ _ _ _  —.
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ru - O u l t s  will is- p u b li s h e d .  It is antic ipated that in a remaining year

dura t ion  a large n umber of addi t ional  tests w i l l  be run . This  w i l l  pro-

vide as complete a description of snow in creep , as is needed wi th  cur-

rent technological demands for material description .

UI
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(d) Acoust is Emission Study

This  s ect i o n  of t I t c - report is concerned with i i - s u - a r ; - l ;  e f f o r t  devoted

to evaluation of acoustic emissions in the deformation and failure processes

in snow. T h i s  investigation was divided into a laboratory investigation

to study the  fundamental nature of acoustic emissions and .1  field i nvesti—

gation to observe how acoustic emissions are related to tie - failure of

snow slops-; . In t h ~- f i t - i d  the investi gation was expanded to i n c l u d e  ohc -r-

vationus made in the seismic frequency hand as well as in tI n - ultrason ic

range . Generally, all our findinqs obtained to date have been p u b l i c h u - i l

in scientific papers (see Section 5) , with the salien t p o i n ts  of this r i —

search summarized here .

In our laboratory study, it was found that the ultrasoni c activity

t?mirrating from snow was associated with t h e  fracture of grai n-i bonds.

Spectral analysis of these ultrasonic emissions indicates tlrat the  maximum

acoustic energy from a typical event occurs in the region of 120 kliz.

Further the acoustic response is related to the particular stress ratt- t o

w h ic h  t he snow is ;;ubju- c -ted.

ConsiW-ring the p.~tt -rrni ;l response that was observed when snow wa tt

subjected to various deformation hi stories it was hy p o t hu -sized that the

-i ;Sus t ic actiVity represented an impor t  m t  v ; r i c i f le i n  l u -  -h l i m i t  ion of

; f ; sW. This in turn lu-il us to the formulation 4 S f  i ~~; ; i i - - t  i t tu t i v  law i i i

wh i ch tire acoustic activity i t ;  j n t i - c ; i i t u - f  j u t  I ; -  flow law j -  f iinrtl1 j rnt-rr —

- a l  v .iiiahle . In our in iti. i l work th i s  t I i i - l u \  Wa .. I~~- - - u t - - I  i t  u .S .  i t  l i l l y

t i c  - i t  i - . 1  u - arid is current. ly being c i t - V u - I o~ coi l inc t I - - - - l cm i i t - t i ; ;  iv . - i - i ; ~ - t i t

I i v ~ - 1 - iw .  c ) f  - c, r ; - ; i l - r,ulil ~’ inj sr I i n c  I ! )  o i l ?  W i n k W~lS ‘ I  - . I Vat inn t~~i t I

o w  i l ; ; o  u;x h ibi t i- d rn .,rk ,--j 1K~~t ci-r - f t  i t .  T h i s  l i , , t , v i - t ~~’ - t i ’.’ - i i  - I

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _  
LA
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ability to evaluate the stress state to which snow has been previously

su b j e c t e d .  Al t h ough at present th i s  pa r t i cu l a r  i n v e s t i g a t i o n  has is- - r u

confined to the laboratory , it shows great promise in terms of field

application .

It was the purpose of the laboratory program to study the acoustic

emmissions from snow in order that we might anticipate what we might

f i n d  in our f i e ld  inves t iga t ions .  The laboratory study also allowed us

to p er f ec t  our technique--s fo r our f ie l d  program. With th i s  prepara t ion ,

an avalanche path was selected in the Bridger Range of Montana and

monitoring of this paUr was carried out during three winters beginn ing

with the winter season of 1974—75.

During the first year of our field investigation a major slab ava-

larrchc occurred in the slide path being observed. The second f i e l d

season (1975—76) saw very little slide activity in the entire range with

no slide running in tire selected path. The third season which is current-

ly underway has to date produced one major slide cy c l e . During the cur—

ri-nt season m o ni t o r i n g  ui t  the t i m e  of ava l . i n i c i r t -  It ’ lease Wa ;; c o n fi  ne~1

s t r i ct l y to low f r e q uency s i g n a l s .

Res u l t s l e a d i n g  up to the  first wi nt , .ms si Id.- ; ; I I c l w c - i i  a numbe r oh

h i t  u - r . - ; t  i ng ,  y e t  unexpected , r e s u l t s  c c l i i - - ?  tong . u - c I l u ; . t  uc emi ; ; u l h c ) r l ; ;  
~

I i - ,
~~

—

c~~ ,e c l  m c ;  a v a l a n c h e s .  Thu most iqn i i f i cant n1 - - i u It obser Vu ‘ ci was t h a t  for

; ;i c mc -t j rne .  c r 1 0 1 - to the avalarr i - inu - ru - l e s t - i - , i  qu - t r u - r i l  d u c t  t -S t i i ’ i i i  I i n -  , l i - o i u c —

t i c i t  i v]  I c c c - i - r i r r . - c h .  T h n j ; ~ observed ;-a t t i I n  WJ s c - c o t r i n y  t i )  what was

‘x 1, .c t s i.  I t  w .ut. .1 1 : ; c 1  c l ot s  n vcd th, it pti u u r t l ; ,  o f  :1 I I I  l i t  v wi-ri’ a;o -ioi - j a t  eel

wi th I l l _ n  i s f ~~ o h  i n l c - n c - u l ss  u nn i s s i( 1r ; , ; ) r u i i i  I i i  t i r e  t i riS - t h u  trit)wp5i k f t - c am,-

i - c i t  ic - rma 1 i t  )“ l~ .

Li _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _
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In light of these results it appears t h a t  an increase in acoustic

< i t  iv ; t v i n c  a cold 5110w l a c k represents a strenqthenuirrq of tfue sz lccw.  T h i s

strenrc;thening is probably effected by an adjustment in the cjeome t-rrc

arrangement of snow grains to accommodate increases in the state of stress

in the slope . As has been demonstrated in the laboratory , s u b j e c t i n g  sruOw

to stress and loading rates below the fracture rate often increases the

fracture toughness of the material relative to subsequent loadings. Con-

versely, periods of low acoustic activity indicate that little rearrange-

ment of the grain structure is taking place in the snow . This implies

that little strengthening of the snow is taking place , thus making the

slope more susceptible to fracture at lower stresses or loading rates.

As the field investigation into acoustic emissions was initially

conceived the primary emphasis was to be placed in observations of ultra-

sonic emissions. In the course of the first field season it became obvious
i i

that some means of relating ultrasonic noise to major shifts in the snow-

Pack was required. As a means of achieving this a portable microearth—

~uako recorder was inn-stalled at the field site in the first ~‘ear of th e

i n v e s t ig a t i o n . W i t h  the i n s t a l l a t i o n  of th i s  i n s t rumen t  i t  was p o s s i b l e  to

ci - tect major events occurring in the ~~~.

Through car ef u l  observat ion  we wr ru able to identity I c~ c h a rs-  - t a r-

i t t  m c  seismic s ignals  associated w i t h  var ious  t y p e;;  of av a l a r n i i ceu , c < c r n i c e

f a l l  and i n t e r n a l  f r a c t u re -  of the  snow—pack . In t h u  case c - i f  t 4 j 5  l a t t  - n

- of -ii gru ~il we <ire able  to obta in  some i n f o r m a t i o n  on t i e  - f t a c  - t c c r

; c u scspt ibility of mountain .srrowpacks. Considerat ion of t i u i s  t ype of ; ;j tpi. rl

also g i ve s  ;;om, i n d i c a t i o n  of t i c ,  s t a b i l i t y  of tin t’ c i o j c - - .

Due- to t i c , -  Problems of su- rv j c i niq a m ic -r o e c r r t l r q u  m l - - m . - c o r d - - t  i n n  - i

-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - _ _ _
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mountain environment a radio telemetry system was installed . Using low

power electronics continous remote sensing of the slide path is now

taking place .

Under our current research program we have successfully investi-

gated acoustic emissions both in the laboratory and in the field. In our

- field studies we have extended our research to include signals emitted

not only in the ultrasonic region of the frequency spectrum but also in

the seismic region.

The results of the field investigation indicate that the acoustic

emission method is a viable technique for monitoring the stability of

mountain snowpacks. Further work in this field may also lead to a viable

method of predicting delayed action avalanches. The most important

current consideration is the establishment of a data base from which to

make stability predictions.

_ _ _  ~~~~~~~~~~~~~~~
-- -_- .

~~~
- -
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Ti t t ’ m i l i t a t e  i m c c c I c i c m i i t c ~ d ] y  m ust  cot -c i t  I i c r  op t - r a t  i u ) n c :  m u  u l p i t c c -  01

Sn OW— c - c ’vere d terra i i i  to be par t  of i t s  ove ra l l  d l  e r at  l I - Ic  - i -n ‘c ii .ini. In

a1 1 c U
- I Si S , snow avalancice;; pose a defini tu ’ threat t o  L I s T  csicri c -l - i ;  I

oqu i~~- c ; t - - n c L .  Beyond that , mobility orr snow—cover’-d I c - r i  t i n  is also c - f

cofle .-r n  I o military operations , s ince  movemen t  of ~i u i 1 c m i - n u I  i i ;  i c a m p c  i c - - i

I v i ncr c i s  I nq i-scow c i i  t i c .  In add itionn , termi ri u i  Ica l i i  ;t i S;; in s no w  it ;

ann are , t  of study which mer i t s further study. The -r ’ - -- ‘ -rut r -sean -i c cI ciii-:

r e a c t  I I bear potential ap i c i  icat ion to t he; ; e  problems as c -l i as to c t  i t  c - c c .

As an e xample of a po s sib l e  a p p l i c a t i o n  to mi lit <ire problems , con—

si clc- r t ie - I isis of te rminal ballistics. Medium den;;it\- snow has b c - c ’ r r

fonumt4l t o  be an extremely effective material for stopping r~ fle f ir e and

S i  d i  ii- ; i~ - . m t  irsj energy generated by cannon t i r e  . M ecl <tc ;  i i-icc ;; i nvolv- i t i t

U f l e c - m y  . r ; i c n c ’ t  i o n  and <ii sslpation in snow is not full y unde-rstood . Hew—

t V c t~ , I ccc ; ;t r . -ss wave we-irk reported here has a d e f i ni t c - }c O t C - f l t  ial of

e’X~ - t;: - ; l u g  k u c o w l c -fc - in this part na-ul.n sun - i .

- i~ - t  - I jc~~i c - i  I i t~ -ci ac occct C em ; - ~ non  cs-or k t o  rid l i t  i i ’ , - - c u d ;  I. it ;; hol - i - . 
-

c ; n  ‘ - i t  ‘r i c n i c c  : ; - ~~ . (- ‘c l i  c -x srrc l’ li - , whi Ic’ t i; - wctrk d u n  I c - - c — - i s  < u;  i - - I  ced i i l

S li ’  ‘~~~, the ‘ - - i’ ~ c - i i i .  r u t  and k n t c ; w  i . ’d- n - d1 -v1 - b ; - -  I in t I c  i s  p i  o i -ct  u < t t i  ~ i nil  s i l l -I i —

- m t  c ‘ i t t .  c c  - i n c h  i - I  m v i i  -s re iilonr t c l i  t i c  I - i i -  - on u ci’ I ~- - r -  in - i t 1; - A i r  i t - I  j - -

- e l i - i - c l  o u t  t l i t -  I u s u t — c - 1n r r \ - c r rq  i i  I I  j O  cu  i c e  s° - t  - , o r  c - V - n c  - i - - f - - I  l o n c  c i t ~

- -nt o~ , - n  m t j O i i s  < I n n  ic, si t s  j c \  m - . t c c - ;  - ‘ I  t lui t : i u s - - n  - t t  r .

• wu ink u ) l l  I I i i -  rn,-n t - r i  a I i t - i  - r - - - - - t i  - i t  i - ru niui -<- he i i - - ,  - i I • i n A I , t I y e m t i

S i c - t - i ’ . c t  ? < i n q  c . u I l t c ’ i t \ l O c h  f l i t ’  u t c - t c ’ r c c ; . c t  c - ; c  i - m t  n l c c c - - t c c i r c t , n ,  S O I l ’  l i v  I

.111)5 S I c  I ,  c th u u - f i t - c t of . n l d c w  ‘- - h i t - s. R- ’;; c uit - - d l  ; i h i c ’ i i  I i - l u ’  c u - i c  i - i  1- .

_ _  —~~~~ _
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i n t e r l ’ n e - t c  < i in terms of vehic le  power r e qu i r emen t s  and c ’f f i c i e n c y  f • u < -t c c c ; ;

f o r  v, t r  u oh ;; t y p es  of propulsion systems.

T i u i -  above; di sc’ussion does not u ’xh , i ’; ’ ;t  the  1iossibi 1 ities of the’ work

covered in this grant, but it does demonstrate that , while the project was

immediately concerned with the avalanche problem , it is also relevant to

other military concerns. 
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-I. c ’ON T I N t I  ~~ RESEARC H

ec1 i n d i - - at  ci cii ti c i - j-nec , ’<ii t cq sect tori ; , work i s  ~ l tI e -c c o n t i n u m ; ng

on; c - . ; - . t  r e l u  covered in  tine p r o ject or has begun as i rid i c c i t  i-i l by the Cc

j e c -t  r ’ - s u l  I ; .

In c h art: i <.-ular , the one year funding period was Ic ‘m c d  t ; I i u t  i n a u h  ‘1 (11 11 c -

1
for comp letn on of the stress wave study and the mateni ii characteri zat j u t - c

- ;  t i m < l y , an c<i there Ic-u.’ work is cecil i ccuin q c-ni these problems. lic ac t i cular

a met - exo-t vol umc’tri c const i t I l t  I vs ~~~~ i s uiid,- r <isv,- lopment to chuarac— L
I. - c i  s- - r , -c~~ ,n ; - ; , -  if s t e  ~w to  h i  ;

~~ u rat u s  of load ing

A <ic i i tic-sal it t - i ;  01 n a i t u ’ t c - - ; t  J u l  t - m c - r q i m c o  a;; p o s s i b le -  s t u dy I r d l u i r icc ic

in-c tic - futcm ;u ’, til t lioc c < iI ; r -c, ’nc t lv no Ii m s ii i r g has bc-en ;-;ouuput . Includ~— cI tn

t ku is is  a study on t ii’ ’ -nc-cc ‘; ;-~ of Si <it coiidc;i -t ic-f l  n ;i t l c t I W , s- Icc  r , ’} -v l i ce

relat ~ vs Fec  ic -s of soli<i lie-at cc cuouc t  ion , u -en ;vect  ion , e;cb I ; mat  ion , ct <1

di t~ lii; ; c c c n an ~‘ invest-i gated. ‘Ic ; u s study hope’ fully wi 11 le -aul t c I  f l i O l l ’ SX , i c  - t

know I u - d i g s  of tempc’ ratur . ‘ q rfl - hi c’rrt metamorphiSm.

_ _ _
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Ii P t I H L I C A T I O N S  PRe~DUCED BY RESEARCH i’ROJEC’l’

‘I ’i l u ’ follow ing is a chronic-logical i I ;;t  I n - iq c i t  t i i - p ub l i c - a t  i o n s  win i d l

a t  it - act  p a r t i a l l y  may be a t t r i b u t e d  to the  e f f o r t s  of t ire research pro-

j ec t  -

St. L<iwre -ni ce - , W. $ arid Bradley C. C. , Spon taneous  F r a c t u re ’ I n i t i a t i o n  in
Mountain Snow Packs , Proceedings of the International Symposium on
A j c p l i e ’<l G la c i olo g y ,  Cambridge , Eng land  , September , 1976.

S t .  l •awrence , W . ,  A c o u s t i c  Emiss ions  in ti-ce Investigation of Avalanches ,

~~- t i i  Canadian Gc’ott -chnical Conference on Slope Stability , Vancouver ,
N . C., Canada , Octob?r , 1976.

Brown , H. L. , A Vo lumet r i c  C o n s t i t u t i v e  Law for  Snow Sub jected to Large
Strains and Strain Rates , (forthcoming as a USA-CRREL Report).

Brown , R .  L. , Application of a Dynamic Constitutive Law to Shock Waves
in  Snow , (forthcoming as a USA-CRREL report).

Brown , R. L., High Rate Volumetric Loading of Snow , i n v i t e d  paper , ISTVS
Meeting on Impact of Snow in Transportation , Hanover , New Hampshire- ,
t’,ibruarv 23—25 , 1377.

St. Lawrence , W. , The Role of Acoustic Emission in Snow Mechanics , i nv i te d
paper , ISTVS Meetisq on Impact of Snow on Transportation , Hanover ,
New Hampshire , February 23—25 , 1977.

St. Lawrence , W., Contributor on Passiv~ Seismic  and Acous t ic  Techn i ques i n c
Glaciology , Encyclopedia of Ice and Snow , Ed. Fa i rb r idge , R .  W. ,
Dowden , Hutchinson , and Ross Inc. To be puolished 1977.
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